This research aims at numerical assessment of multistory reinforced concrete framed structures subjected to fire. The Applied Element Method (AEM) was selected for this study so that potential collapse, partial or total, can be predicted. The Extreme Loading for Structures (ELS) software was used in the current study. To consider the material deterioration due to fire, a modification to the constitutive models has been considered in ELS. Firstly, the AEM was validated to be a reliable tool for analyzing structures under the effect of fire loads. AEM was then used to perform a parametric study on a typical mid-rise multistory RC framed residential building, aiming at investigating the effect of different fire parameters on the damage of structural members. The studied parameters were: concrete compressive strength, steel yield stress, columns' reinforcement ratio, edge column orientation, location of fire, and maximum fire temperature. Numerical results revealed that framed reinforced concrete structures have a relatively good resistance to progressive collapse under the effect of fire loads, and that the effect of material deterioration due to fire should be considered in numerical analysis. Material deterioration could lead to an increase in deformation as high as 1000% at high temperatures (900°C) which may lead to collapse. Ó 2019 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/ licenses/by-nc-nd/4.0/).
Introduction
With the increased incidents of major fires in buildings; the assessment of fire damage has become a topical interest. Experimental investigations is efficient way but rather costly, complicated and time consuming. Instead, computer-aided numerical studies are nowadays replacing the conventional experimental ones due to their low cost and relatively low time-consuming. In this study, the AEM is used for numerical assessment of multistory reinforced concrete framed structures subjected to fire. The AEM firstly has been validated to be used for the analysis of reinforced concrete structural members under the effect of fire loads. After validating the analysis tool, a parametric study was carried out for a mid-rise multistory reinforced concrete framed structure. Several parameters were chosen to study, including concrete compressive strength, steel yield stress, columns' reinforcement ratio, edge column orien-tation, location of fire, and maximum fire temperature. The effect of those parameters on the structural deformation and induced damage of different structural members under fire was investigated.
The Applied Element Method (AEM)
The AEM [1] is based on dividing the structure virtually into small elements. Each two adjacent elements are connected together at certain contact points which are distributed around the elements' surfaces. Each contact point is represented by one normal and two shear springs, these springs represent the stresses and deformations of a certain volume. The AEM is based on discrete crack approach. This method can track the structural behavior passing through all stages of loading; elastic stage, crack initiation, element separation, partial collapse of structure, and collision with the ground and other structures.
The software used in the analysis is 'Extreme Loading for Structures' (ELS) [2] which is based on the AEM. The ELS uses an implicit method in numerical integration, which models structural collapse better than explicit solver software. The material constitutive models used in ELS are shown in Fig. 1 . Maekawa compression model is used for concrete modeling under compression [3] , and for concrete shear springs, linear relation between shear stress and shear strain is assumed until cracking of concrete, then the shear stresses drop suddenly as shown in Fig. 1 . The level of drop depends on aggregate interlocking and friction at crack surface. For reinforcement springs, the model, presented by Ristic et al. [4] , used in ELS. Several factors affect the calculation of tangent stiffness of reinforcement in this model such as: the strain from reinforcement spring, loading status (loading or unloading), and history of steel spring (which controls Baushinger's effect).
Material degradation models
To account for material deterioration in the modelled structure, two models for material degradation of concrete and reinforcing steel under elevated temperatures were used. Figs. 2 and 3 show the models used for both concrete, and reinforcing steel), respectively. Hot rolled steel curve was adopted for reinforcing bars. Regression was carried out obtaining Eqs. (1) and (2) which give the residual strength for fcu and fy, respectively, at different temperatures.
Residual f y ¼ 99:78749 À 0:0350073 Â Temp:
Validation of ELS
ELS was proved to be capable of performing nonlinear, static and dynamic, analysis of structures subjected to extreme cases of loading through elastic and inelastic stages up to structural collapse including automatic detection of cracks' locations, formation of plastic hinges, and buckling of elements. The 'ELS' software was extensively validated [7] [8] [9] [10] [11] [12] [13] [14] and had shown good agreement with real cases. Several validation cases including static, dynamic, and collapse cases were covered. Therefore, and since the goal of the current study is to assess the capability of multistory reinforced concrete framed structures to resist progressive collapse under fire loads, it was decided that the AEM is the most suitable numerical tool for such assessment. Additional validation was needed to prove The yield stress of stirrups was 413.7 MPa. The beam was exposed to fire for 80 min before the test was terminated. Fig. 5 shows the average recorded temperature of bottom reinforcement with time. Fig. 6 shows a comparison between mid-span deflection with time for the experimental results and ELS results with and without considering the effect of material deterioration. The comparison shows that the experimental results and ELS results are in a good agreement especially when including the material deterioration due to fire.
Validation case II
A simple beam was tested by Dotreppe [16] under 2 point loads, each of 65 kN value, spaced at 3250 mm and centered with the mid-span. The beam has a cross section of 200 Â 600 mm, the span between the supports was 6500 mm. The bottom reinforcement used was 3 U 22 and the top reinforcement was 2 U 12. The reinforcement used was cold worked with average yield stress of 458 MPa and average ultimate strength of 580 MPa. The concrete used had average cube strength of 30 MPa. The beams were exposed to fire for 120 min before the test was terminated. Fig. 7 shows the aver- Numerical assessment of midrise multi-storey age recorded temperature of bottom reinforcement with time. Fig. 8 shows a comparison between mid-span deflection with time for the experimental results, ELS results considering the effect of material deterioration and ELS results without considering material deterioration. The comparison shows that the experimental results and ELS results are in a good agreement, especially when including the material deterioration due to fire.
Case study

Details of studied structure
The studied structure is a ten-storey reinforced concrete residential building, the height of each storey is three meters. The building consists of five bays in each direction, the typical span of each bay is five meters. The ground floor is a public area. The structure is designed for both gravity loads and seismic loads of Cairo zone (zone III according to the Egyptian code for loads with 0.15 g peak ground acceleration and the Type I response spectrum), according to the ACI 318-08 [17] . The design of the studied structure was checked against seismic loads using ACI318-08/IBC 2009 [17, 18] guidelines.
The studied structure has 140 mm slabs with 5U10/m' as a bottom mesh and same mesh for negative reinforcement above beams. The interior columns are 700 Â 700 mm, edge columns are 450 Â 600 mm, and corner columns are 450 Â 450 mm. The reinforcement of columns is shown in Table 1 . The beams are 250 Â 500 mm and the reinforcement is shown in Table 2 .
Material properties
Nonlinear behavior of constituent materials are used in the models. The properties of concrete are shown in Table 3 and the properties of reinforcing steel are shown in Table 4 . All the beams are assumed to be carrying masonry walls made of 250 mm width bricks, the density of bricks including plaster is assumed 18 kN/m 3 .
Loads
The loads considered in the analysis of all cases were as follows: The own weight of the structural members, the flooring load, the live load, and the masonry walls load. The flooring was assumed 1.5 kN/m 2 and the live load was assumed 3 kN/m 2 . Up to the authors' knowledge there is no specific load combinations given by design codes for the fire case, therefore the authors believe it is a conservative and reasonable assumption to consider that the load combination during fire is (D.L. + L.L.). Fig. 9 shows the reference case as modelled in the current study.
Structural model
Mesh sensitivity
Mesh sensitivity analysis was carried out to obtain the optimum size of mesh to be used for each structural member in our parametric study, aiming to balance between the results preciseness and the required analysis time. The study was performed on a typical 5 m span bay of the studied building. The deflection of corner slab at ground floor under gravity loads, as shown in Fig. 10 , was used for comparison between different meshes, also the lateral displacement at mid-height of the edge column due to 500 kN horizontal force, as shown in Fig. 11 , was used. Seven mesh groups were tested as shown in Table 5 , and mesh group 4 was found to give a results' convergence and therefore was selected.
In this study, the parametric study was carried out twice: once including material deterioration due to fire while the other excluding it. The same study parameters were investigate for both cases.
The reference case chosen for comparison was as follows:
The fire is applied on a corner bay where all the edge rectangular columns are oriented such that the major axis is perpendicular to the perimeter of the building. The basic fire applied temperature is 500°C.
Compressive strength of concrete is 30 N/mm 2 . Yield stress of reinforcing bars is 360 N/mm 2 . All the columns are reinforced with 1% of their cross sectional area.
Eight parameters are investigated; fire temperature, concrete strength, reinforcement grade, columns reinforcement ratio, edge column orientation, the effect of fire location with respect to bay, the effect of fire location with respect to floor, and the effect of fire spread. 5.6. Studied parameters 5.6.1. The effect of maximum fire temperature Seven values for the maximum fire temperature were chosen (including the reference case). The chosen cases were as follows:
i. 300°C, ii. 400°C, iii. 500°C (Reference Case), iv. 600°C, v. 700°C, vi. 800°C and, vii. 900°C.
The effect of changing compressive strength of concrete
Four values of Compressive strength of concrete were chosen (including the reference case). The chosen cases were as follows:
i. fcu = 25 N/mm 2 , ii. fcu = 30 N/mm 2 (Reference Case), iii. fcu = 35 N/mm 2 , and iv. fcu = 40 N/mm 2 .
The effect of changing reinforcement grade
Two values of yield stress were chosen (including the reference case). The chosen cases were as follows:
i. fy = 360 N/mm 2 (Reference Case), and ii. fy = 400 N/mm 2 . Numerical assessment of midrise multi-storey Table 6 shows the column reinforcement for each case, where all stirrups are 6 u8/m'.
The effect of edge column orientation
Two cases of edge column orientation were studied (including the reference case). The studied cases were as follows:
i. Edge columns are oriented such that the long axis is parallel to the perimeter of the building (Reference Case), and ii. Edge columns are oriented such that the short axis is parallel to the perimeter of the building. 5.6.6. The effect of fire location (with respect to bay) Three cases of fire location were chosen (including the reference case). The chosen cases were as follows:
i. Fire occurs in the corner bay (Reference Case), ii. Fire occurs in an edge bay, and iii. Fire occurs in an interior bay.
The effect of fire location (with respect to floor)
Three cases of fire location were chosen (including the reference case). The chosen cases were as follows:
i. Fire occurs in the ground floor (Reference Case), ii. Fire occurs in the7 th floor, and iii. Fire occurs in the10 th floor.
The effect of fire spread
Two cases were studied (including the reference case). The studied cases were as follows:
i. Fire occurs in one bay only (Reference Case), and ii. Fire occurs in the whole floor.
Temperature application on different structural elements
The application of fire on structural elements on ELS is implemented such that the maximum fire temperature is applied on the faces facing the fire, and ambient temperature is applied on the faces away from the fire as follows:
(a) Slabs: all the faces takes the maximum fire temperature except the top face. (b) Beams: all the faces takes the maximum fire temperature except the top face and the side away from fire. (c) Columns: all the faces takes ambient temperature except the two sides facing the fire.
Discussion of numerical results
For examining the behavior of structure due to fire on corner bay, three members are investigated for comparison of results as follows:
i. Corner slab: where mid-span deflection is investigated. ii. Edge beam: where mid-span deflection is investigated. iii. Corner column: where lateral deflection, maximum tensile stress in steel bars, and maximum compressive stress in concrete are investigated.
In each case, the investigation was performed twice; once while not considering material deterioration, and the other while considering material deterioration. Fig. 12 shows the deformed shape of the corner bay of the reference case while including material deterioration, deformations magnified by 15, total deflection contours and the location and direction of comparison deflections. The effect of temperature on the corner slab is investigated in term of its vertical displacement at the center of slab. Table 7 summarizes the results of central slab deflection with and without material deterioration and shows the percentage of increase in deflection for each case.
The effect of concrete strength, steel yield stress, column reinforcement ratio, maximum fire temperature, and edge column orientation on the central deflection of corner slab under fire are shown in Figs. 13, 14, 15, 16, and 17 , respectively. Each figure shows the parameter effect twice, once without considering material deterioration due to fire, while the other including the material deterioration. Comparing the results for the central deflection of corner slab without considering material deterioration, it was found that the decrease in concrete strength lead to an increase in the slab central deflection of up to 49% for the case with fcu = 25 N/mm 2 . When material degradation due to fire was included, this increase became 42%. In general, considering material degradation due to elevated temperature caused an average increase of deflection of 29.6%.
The grade of reinforcement showed a little effect on the slab deformations where an increase of the deflection of 7.8% is observed when decreasing yield stress from 400 N/mm 2 to 360 N/mm 2 . However, when the material degradation due to (a) Excluding material degradation due to fire (b) Including material degradation due to fire fire was considered, this deflection increase reached 11.8%. The effect of material deterioration was found to be 34.5%. The increase in percentage of column reinforcement from 1% to 3% lead to decrease in the slab central deflection by 46% of reference case. The reinforcement increase contributes to the stiffness of the columns with less rotations and hence less deflections of the slab. When material deterioration was considered, the slab deflection decreased by 43% of reference. On average, the material deterioration lead to an increase of 33% of slab deflections.
The increase in maximum fire temperature lead to significant increase in slab deformations, an increase from 500°C to 900°C without considering material deterioration lead to increase in the slab central deflection by 951.7%. When material deterioration was implemented, progressive collapse was initiated at the corner bay as shown in Fig. 18 .
Changing edge column orientation to make the long axis perpendicular to building perimeter lead to decreasing the slab central deflection by 4.8% of reference case. When material deterioration was considered, the slab central deflection was increased by 4.3%. Considering material deterioration caused an increase of 50% of the slab deflection.
Behavior of edge beam
The effect of temperature on the edge beam is investigated in term of its vertical displacement. Table 8 summarizes the results of deflection of the middle point of the beam with and without material deterioration and shows the percentage of increase in deflection for each case.
The effect of concrete strength, steel yield stress, column reinforcement ratio, maximum fire temperature, and edge column orientation on the central deflection of corner slab under fire are shown in Figs. 19, 20, 21, 22, and 23 , respectively. Each figure shows the parameter effect twice, once without considering material deterioration due to fire, while the other including the material deterioration.
Comparing the results for the mid-span deflection of edge beam without considering material deterioration, it was found that the decrease in concrete strength lead to an increase in the mid-span deflection of up to 84% for the case with fcu = 25 N/mm 2 . When material degradation due to fire was included, the beam deflection increased by up to 63% of the reference case for the case with fcu = 25 N/mm 2 . Considering material degradation due to elevated temperature caused an average increase of deflection of 66%.
The grade of reinforcement showed less effect on the beam deformations where an increase of the deflection of 11% is observed when decreasing yield stress from 400 N/mm 2 to 360 N/mm 2 . However, when the material degradation due to fire was considered, this deflection increase reached 22%. The effect of material deterioration was found to be 66%.
The increase in percentage of column reinforcement from 1% to 3% without considering material deterioration lead to decrease in the beam mid-span deflection by 78.5% of reference. When material deterioration was considered, the slab deflection decreased by 67.7% of reference. The material deterioration lead to an average increase of 106% of beam deflections.
The increase in maximum fire temperature lead to a significant increase in beam deformations. An increase from 500°C to 900°C without considering material deterioration lead to increase in the beam mid deflection by 2417%. When material deterioration was considered, progressive collapse was initiated at the corner bay as previously shown above in Fig. 18 .
Behavior of corner column
The effect of temperature on the corner column is investigated in terms of its lateral displacement in X direction, maximum tensile stresses in reinforcing bars as well as maximum compressive stresses in concrete.
Comparing the results of the lateral mid-height deflection of corner column eliminating material degradation showed that changing fcu, fy, the amount of column reinforcement, or the edge column orientation almost had no effect on the lateral displacement. The effect of fire temperature is clear; the increase in maximum fire temperature from 500°C to 900°C without considering material deterioration lead to increase in lateral mid-height displacement of corner column by 72% of the reference case. Considering material degradation due to elevated temperature caused an increase of lateral displacement of up to 409% (for the case when temperature equals 500°C).
Omitting material deterioration due to fire; it was found that the increase in concrete strength from 25 N/mm 2 to (a) Excluding material degradation due to fire (b) Including material degradation due to fire 40 N/mm 2 lead to an increase in the maximum compressive stress in corner column by 69%; while changing fy, percentage of column reinforcement, maximum fire temperature, or edge column orientation had almost no effect on the maximum compressive stress in concrete. When material degradation due to fire was included; this increase became 53%; whereas the value of maximum compressive stress almost had no change for the other parameters. As for maximum tensile stress in corner column reinforcement, when not including material deterioration; it was found that the increase in concrete strength from 25 N/mm 2 to 40 N/mm 2 lead to an increase in the maximum tensile stress by 11.3%. Increasing fy from 360 N/mm 2 to 400 N/mm 2 lead to an increase of 9.4% in the maximum tensile stress in corner column reinforcement; while changing percentage of column reinforcement, maximum fire temperature, or edge column orientation almost had no effect on the maximum tensile stresses. When material degradation due to fire was included; the maximum tensile stress in corner column reinforcement increased by 9.9% for concrete strength increase from 25 N/mm 2 to 40 N/mm 2 and when fy increased from 360 N/mm 2 to 400 N/mm 2 ; while the value of maximum tensile stress in corner column reinforcement almost had no change for the other parameters.
6.2. Effect of fire location on structural behavior
Corner bay fire at different floors
The effect of the fire location, with respect to floor, on the central deflection of corner slab and mid-span deflection of edge beam was studied twice. Once without considering material deterioration due to fire, while the other including the material deterioration. The increase in deflection of slabs and beams due to material deterioration is shown on Table 7 and Table 8, respectively. An average increase of 29% and 50% for the slab and edge beam, respectively was observed.
It was found that the higher the floor subjected to fire, the less the deflection is. When the location of fire changed from ground floor to 10th floor the decrease in the slab central deflection was up to 17% and the decrease in edge beam Numerical assessment of midrise multi-storey mid-span deflection was up to 30% of reference. When material degradation due to fire was included, the slab deflection decreased by 19%, while the beam deflection decreased by about 51%. This reduction is explained that the lateral stiffness of the columns decreases in the 10th floor compared to the ground leading to increasing the lateral deflection of columns and hence less axial restraints on beams and slabs which finally leads to part of the expansion due to fire is released in the form of axial extension rather than flexural one. due to material deterioration is shown on Table 7 and Table 8 , respectively. An average increase of 47.7% and 173.4% for the slab and edge beam, respectively was observed. It was found that structural deformations are the highest for the corner slab fire and lowest for the inner slab fire. That makes sense considering the effect of continuity on the interior bay. It was found that when the location of fire changed from corner bay to interior bay; slab central deflection is decreased by 18.7% compared to the corner slab fire and the beam deflection is reduced by up to 96.2% compared to the corner slab fire. When material degradation due to fire was included, the slab deflection decreased by up to 25.7% and the beam deflection decreased by about 6.8%.
Ground floor fire for the whole floor
The effect of the fire spread (the whole floor fire compared to corner bay fire) on the central deflection of corner slab and mid-span deflection of edge beam was studied twice. Once without considering material deterioration due to fire, while the other including the material deterioration.
Comparing the results for the central deflection of corner slab without considering material deterioration, it was found that when the location of fire changed from corner bay fire to whole floor fire, the increase in the slab central deflection is up to 83% and the increase in beam mid-span deflection is up to 61%. When material degradation due to fire was included, the building experienced a progressive collapse due to the collapse of the perimeter columns in the case of whole floor fire as shown in Fig. 24 .
Summary and conclusions
The effect of fire on the behavior of reinforced concrete multistory structures was studied using the AEM. The behavior is evaluated in terms of deformations, strains and stresses generated in members subjected to elevated temperatures. Based on the results obtained from the studied cases, the following points could be summarized:
1-For the fire in the corner bay at ground floor;
The maximum fire temperature showed a significant effect on the behavior of different structural elements. The central deflection of corner slab, the mid-span deflection of the edge beam and the lateral displacement of the corner column increased by 952%, 2417%, and 72%, respectively, when the maximum temperature increased from 500°C to 900°C. Concrete compressive strength had a large effect on deformations of corner slab and edge beam. The central deflection of corner slab and the mid-span deflection of edge beam increased by 49% and 84%, respectively, when f cu decreased from 40 N/mm 2 to 25 N/mm 2 . This also caused a decrease in the maximum compressive stresses on concrete and the maximum stresses in reinforcing bars in corner column by 69% and 11.3%, respectively. The amount of columns' reinforcement had a significant effect where the central deflection of corner slab and the maximum mid-span deflection of edge beam decreased by 46% and 78.5%, respectively, when the percentage of columns' reinforcement increased from 1% to 3%. Reinforcement yield stress showed a little effect where the central deflection of corner slab and the maximum midspan deflection of edge beam increased by 7.8% and 11%, respectively, when f y decreased from 400 N/mm 2 to 360 N/mm 2 . The edge column orientation showed a little effect, less than 5%, on structural behavior during fire When including material deterioration associated with elevated temperature on material properties, significant damage was reported as follows;
Progressive collapse was initiated at the corner bay when the maximum temperature increased from 500°C to 900°C. An average increase of deflection of 29.6% and 66% for corner slab and edge beam, respectively, took place when f cu decreased from 40 N/mm 2 to 25 N/mm 2 . This caused also a decrease in the maximum compressive stresses on concrete in corner column by 53%. An average increase of deflection of 34.5% and 66% for corner slab and edge beam, respectively, was recorded when f y decreased from 400 N/mm 2 to 360 N/mm 2 . An average increase in deflection of 33% and 106% for corner slab and edge beam, respectively, was noted when the percentage of columns' reinforcement increased from 1% to 3%. 2-For the fire in the corner bay at tenth floor; Changing the fire location from the ground floor to the 10th floor resulted in a significant decrease of the maximum deflection of both the corner slab and the edge beam (30% and 17%). The floor expansion due to fire is released in the form of axial extension rather than flexural one in upper floors with less lateral stiffness. Considering material degradation due to fire, an increase of 29% and 50% for the deflections of slab and edge beam, respectively, was observed.
3-For the fire in the middle bay at ground floor; Changing the fire location from corner bay to interior bay in ground floor; slab and beam deflections were decreased by 18.7% and 96.2%, respectively, due to the effect of continuity on the interior bay. When material degradation due to fire was included, an increase of 47.7% and 173.4% for the deflections of the slab and edge beam, respectively was observed.
4-For the fire in the whole ground floor; When the fire is applied to the whole ground floor, slab and beam deflections increased by 83% and 61%, respectively. Including material degradation due to fire lead to a progressive collapse due to the collapse of the perimeter columns.
Eventually it can be concluded that;
The time of fire, and hence its temperature is the most significant factor affecting the behavior of the reinforced concrete structure during fire. A fire temperature of 900°C could lead to a progressive collapse, partial or total, of the structure In numerical analysis, the material deterioration due to elevated temperature is crucial to be included in the model due to its high significance and omitting it is quite unconservative.
